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ABSTRACT
This study presents a numerical analysis of laminar convective heat transfer
in a rectangular channel with different configurations of delta-winglet vortex
generators (VG). A low and high Reynolds number case of 225 and 1123 is
simulated which is representative of the lower and upper limits of the air
velocity range between 1-5 m/s in a typical air-cooled condenser (ACC) sys-
tem. The effects of interacting and non-interacting vortices on the Nusselt
number and pressure drop are observed for the two Reynolds numbers. The
low-Re cases flow cleaner through the channel, pressure drop is slightly lower
for the array in comparison to a straight-line formation for two VG pairs;
however, the increase in Nusselt number is higher in the straight-line con-
figuration. For the high-Re cases the vortices generated are stronger and
persist longer and interactions between vortices in the array configuration
lead to Nusselt number increases, but a higher pressure drop results. The
straight-line configuration has an almost equal increase in Nusselt number
and pressure drop. Recommendations are made to further explore the VG
placement using different Reynolds numbers for constructive augmentation
of the vortices as the vortex behavior and interactions are mainly affected by
the inlet flow velocity.
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CHAPTER 1
INTRODUCTION
1.1 Air-cooled condensers
The growing power demands of modern society call for attention to the way
electric power is generated while keeping in mind the earths limited resources.
In most electric power generation plants, heat is rejected using water in cool-
ing towers which contributes to the loss of the water resources through evap-
oration. In light of the recent droughts occurring in various parts of the US
(see Fig. 1.1) ranging from moderate drought in some areas to extreme and
even exceptional drought around the west coast, there is a need for alterna-
tives to water-based cooling towers.
A more sustainable method for heat rejection is the use of air-cooled con-
densers, which do not use water but use air for the cycle heat rejection.
Currently, the initial cost for setting up an ACC system is quite high, about
five times that of a water cooling tower. This is because rejecting heat to the
air is not as efficient and requires large heat transfer surface area. This in
turn lowers the overall efficiency of the power plant. In order to make ACC
systems economically viable, the current project proposes the use of vortex
generator arrays to enhance heat transfer performance to mitigate the heat
transfer area requirements of ACC.
An ACC system consists of a bundle of flat-tube and plain-fin heat exchang-
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ers arranged in an A frame, as shown in Fig 1.2. Steam enters the top large
tube and is distributed into the stack of flat tubes. There are plain fins on
both sides of these flat tubes forming a cross flow heat exchanger in which
heat is rejected to the ambient air through forced convection. Water con-
denses to the bottom of the flat tube and is collected to be pumped back into
the boiler. Figure 1.2 depicts one cell of an ACC system. A typical 500MW
power plant usually requires 30-40 cells.
Figure 1.1: US drought monitor data
[Source:droughtmonitor.unl.edu]
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Figure 1.2: Schematic of an Air-cooled condenser
[Source: Wilber and Maulbetsch (2005)]
1.2 Vortex generators
Passive flow manipulation techniques can be implemented by placing vor-
tex generators on the heat transfer surface to create vorticity parallel to the
main flow as depicted in Figure 1.3. Several researchers have studied the
implementation of different geometries of VGs, both numerically and exper-
imentally in different heat exchanger applications. As detailed in Chapter
2, research on this technique has shown that the heat transfer enhancement
exceeds the pressure drop penalty, thus having promising potential.
It is anticipated that creating arrays of delta-winglets will generate further
enhancement of heat transfer if constructive interference between vortices
occurs, while not increasing the pressure drop significantly. Two challenges
arise in designing such systems. The winglets must be spaced far apart to
avoid destructive interference but close enough to enhance as much surface
3
Figure 1.3: Longitudinal vortices generated by delta-winglet type VG
[Source: Jacobi and Shah (1995)]
area as possible. The generated vortex must also be able to flow cleanly
through the passage. In the current work, flow visualization experiments
were performed in a water tunnel to guide the design and placement of delta
winglets. Based on the conclusions from these experiments, a numerical sim-
ulation of VG array configurations was performed to study the heat transfer
and pressure drop characteristics compared to a baseline case with no VGs.
1.3 Scope of research
There are different levels of modelling used when studying the effects of
added VGs in the heat exchanger. This research focuses on modelling at
the fin level, using a commercial CFD software (ANSYS Fluent). Different
deployments of VGs sre analyzed and the results discussed in detail.
Initially, a heat exchanger model was studied based on correlations of ba-
sic fin designs to compare the performance of these fins for application to
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ACC. In order to compare the different fin designs, an f vs j plot is made for
comparison with the Chilton-Colburn analogy. Various fin correlations from
the literature are used:
• plain fin (developing duct flow relations)
• wavy fin (Junqi et al. (2007))
• louvered fin (Park and Jacobi (2009))
• single VG pair curve fit (He (2013))
In Figure 1.4, the closer the curve lies to the diagonal black line the better the
performance of the fin, and results below the line ’beat’ expectations from
the Chilton-Colburn analogy (for a zero pressure-gradient boundary layer
flow).
Figure 1.4: f vs j of fins compared to Chilton-Colburn analogy
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Using the correlations for f and j factors, an -NTU method is used to model
heat transfer in one cell of an ACC.
First the heat duty is held constant and the area of heat transfer required to
meet this heat transfer is computed. It is seen in Figure1.5 that the wavy fin
would require the largest area while the louvered fin would have the highest
pressure drop and required fan power. The plain fin and VG pair perform
comparatively better with regards to area and pressure drop.
Figure 1.5: Fixed heat duty
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Varying the condensing temperature gives the heat load for a fixed area of
the heat exchanger. One cell of a typical ACC system is modelled. The
required fan power to reject a given heat duty is calculated. It is seen in
Figure1.6 that the wavy and louvered fins require more fan power compared
to the plain fin under the operating conditions of the condenser.
Figure 1.6: Fixed area of heat transfer
The codes used to plot these figures in Engineering Equation Solver (EES)
are provided in Appendix A.
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CHAPTER 2
LITERATURE REVIEW
2.1 Numerical simulation
Biswas et al. (1994) numerically analyzed laminar flow and heat transfer
characteristics of delta wing and winglet pair vortex generators in a rectan-
gular channel. The delta wing performed better than the winglet pair with
regards to heat transfer; however, pressure drop due to the winglet pair was
less than that due to the wing. The winglets form trailing edge vortices from
the free trailing edge of the winglet that remove the small zone of poor heat
transfer observed in the wing, and the authors recommend use of winglets as
a more effective augmentation technique.
Chen et al. (2000) used a finite-volume method to simulate a punched
winglet VG to enhance heat transfer in finned, oval-tube heat exchangers.
Their study showed that a staggered arrangement of winglets had better heat
transfer enhancement than an in-line arrangement. The longitudinal vortices
induced by the staggered arrangement influenced a larger area. The vortices
generated by the winglet away from the tube were stronger and lasted longer.
This intensified the fluid motion normal to the direction of flow. The ratio
of heat transfer enhancement to flow loss penalty (j/jo)/(f/fo) were found
to be 1.151 and 1.097 with two and four staggered winglets.
Leu et al. (2004) performed numerical and experimental analyses to study
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heat transfer and flow in the plate-fin and tube heat exchangers with inclined
block shaped VGs mounted behind the tubes. Different attack angles of VG
and Reynolds numbers based on hydraulic diameter ranging from 400 to 3000
were investigated. The best improvement was seen in the case of a 45 angle
with a fin area reduction of 25% at ReDh = 500.
Joarder and Jacobi (2007) numerically studied a seven-row inline tube heat
exchanger with various arrangements of delta winglet arrays. The Reynolds
number based on hydraulic diameter ranged from 330 to 850. They found
that the impingement of winglet redirected flow on the downstream tube is
an important mechanism for heat transfer augmentation. At Re=850, the
3VG inline array achieved a 74% enhancement in j factor over the base case
and an associated pressure drop increase of 41%.
Wu and Tao (2008a, 2008b) numerically studied laminar heat transfer in
a rectangular channel with a pair of punched rectangular VGs. They studied
the effects of the thickness of the VG and the punched holes to heat trans-
fer and flow characteristics. In their studies, they found that the case with
punched VG holes had a better heat transfer enhancement near the VG and
a lower average friction factor compared to the case without the punched
holes. In part B of their studies, they concluded that a delta winglet pair is
more effective on the heat transfer enhancement than a rectangular winglet
pair.
Tian et al. (2009) performed three dimensional numerical simulations com-
paring two different shapes (rectangular and delta winglet pair) and config-
urations (common flow-up and common flow-down) of a VG pair on a flat
plate channel. The delta winglet pair performed better while the two dif-
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ferent configurations had the same overall performance. They observed an
increase in the Nusselt number by 8-46% with pressure drop increase of 20-
64% in the RWP and 3-26% with a pressure drop increase of 7-22% in the
DWP.
He et al. (2013) numerically investigated the heat transfer enhancement
and pressure loss for fin and tube heat exchangers with rectangular winglet
pairs placed in an in-line and staggered arrangement. They determined that
a staggered arrangement of the winglet pairs led to a reduction in the pres-
sure drop penalty by 4.5-8.3% without any loss in heat transfer enhancement.
They conclude that the phenomenon can be attributed to the asymmetric
distributions of temperature field and pressure gradient.
Dezan et al. (2015) studied the interaction effects between parameters for a
flat-tube louvered fin heat exchanger using delta-winglets. The input param-
eters were louver angle, angle of attack and stream wise position of the delta
winglet. The Reynolds numbers used were 120 and 240 based on hydraulic
diameter. They found that the louver angle was the main contributor to
friction factor regardless of the Reynolds numbers. The contribution of each
parameter to heat transfer is strongly associated with the type of geometry
and Reynolds numbers. For lower Reynolds number, the major contributor
is the louver angle and for higher Reynolds numbers, the parameters of the
delta winglet pair is the major contributor in particular their angle of attack.
2.2 Experimental studies
Fiebig et al. (1993) experimentally studied the effect of delta winglet vortex
generators on heat transfer and pressure drop of a fin and tube heat ex-
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changer element. Four configurations were tested in an inline and staggered
arrangement for Reynolds number ranging from 600 2700. They measured
a 55-65% heat transfer enhancement for the inline tube arrangement with a
20-4% increase in the apparent friction factor. The corresponding increases
were lower for the staggered arrangement.
Fiebig et al. (1994) studied heat transfer and flow loss in fin tube with
flat and round tubes. They found that implementing wing type vortex gen-
erators increased heat transfer marginally, about 10% for round tubes, but
dramatically, about 100% for the flat tubes. The heat exchanger element
with flat tubes had nearly twice as much heat transfer and half as much
pressure loss as the heat exchanger element with round tubes.
Wang et al. (2002) studied the local and average heat/mass transfer char-
acteristics over a flat tube bank fin with four vortex generators per tube.
The mass transfer experiments were performed using the naphthalene sub-
limation method and an analogy between heat and mass transfer is used to
obtain the local and average heat transfer characteristics. Heat transfer en-
hancements reached 47.5%, 41.4% and 37.5% with identical mass flow rate,
pumping power and pressure drop constraints when compared with flat tube
fin element without VG.
Torii et al. (2002) used delta winglet vortex generators in a fin and tube
heat exchanger with circular tubes. They found that placing winglets in a
common flow up configuration causes heat transfer enhancements with pres-
sure drop reduction. This was attributed to winglets helping to delay the
separation, reducing form drag and also removing the poor heat transfer
region in the near-wake region of the tubes. They were able to achieve 10-
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20% increase in heat transfer with a pressure drop decrease of 8-15% for an
in-line tube arrangement. In a staggered tube arrangement, a heat transfer
enhancement of 10-30% and pressure drop reduction of 34-55% was achieved.
These findings dramatically exceed expectations based on the simple Chilton-
Colburn analogy.
Yuan et al. (2003) studied heat transfer and friction characteristics of rect-
angular ducts with rectangular winglet rows. They found that longitudinal
vortices had lower friction and moderate heat transfer rate, making them
superior to transverse vortex generation technique. An important factor af-
fecting heat transfer and friction was the aspect ratio of the winglets while
the gap between the winglets which had little effect.
O’Brien and Sohal (2005) experimentally studied heat transfer in a rect-
angular duct with a circular tube using a delta winglet pair. They used a
Reynolds number based on the channel height ranging from 670-6300 com-
paring the local and average heat transfer distributions with and without
winglets. At low Reynolds numbers, they achieved an enhancement of nearly
a factor of 2 and at higher Reynolds numbers, the enhancement level is close
to 50%. Their results for heat transfer distribution show a reduction in the
wake zone behind the tubes when comparing a circular cylinder with and
without winglets.
Kwak et al. (2005) extended the work by Torii et al. (2002) by includ-
ing a three-row tube bundle and a second row of winglet pairs. However
they measured an increase of heat transfer of 7-9% accompanied by a pres-
sure loss increase of 3-9% for in line tube arrangement. For a staggered
tube arrangement the heat transfer enhancement increased by 6-15% with a
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61-117% increase in pressure loss penalty. The second row of winglets was
found to have blocked and decelerate the flow generated by the first row. It
is effective in reducing form drag for the seconf row of tubes but becomes an
obstruction to the reduction of form drag for the first and third rows.
Min et al. (2010) presented the fluid flow and heat transfer characteris-
tics of a modified rectangular vortex generator in comparison to the original
rectangular winglet. They obtained the modified shape by cutting off the
four corners of the rectangular winglet, forming an octagonal shape. Their
results show better flow and heat transfer characteristics of the modified wing
than the rectangular winglet pair. They attribute the heat transfer perfor-
mance increase to the increased total side length to form vortices and the
lower friction factor to a smaller flow disturbance by the cutting the corners
in the modified geometry.
2.3 Prototype heat exchanger testing
A full scale prototype heat exchanger with VGs was tested by Elsherbini and
Jacobi (2002) with leading edge delta-wing type VG for plain fin and tube
heat exchanger applications. Heat transfer enhancements up to 31% was
obtained with no significant pressure drop increase. These results are again
beyond the expectations derived from the Chilton-Colburn analogy.
Wang et al. (2004) studied the air-side performance of delta winglet VG
in comparison to a wavy fin surface in wet and dry conditions for 2 and 4
tube rows. In dry conditions, the heat transfer coefficient in the wavy fin was
6% higher than the VG surface; however, the pressure drop was 15% higher
at for 2 tube rows. The heat transfer coefficient was higher in the winglet
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surface by 5% with comparable pressure drop for 4 tube rows. In wet surface
conditions, the winglet surface performed better for both 2 and 4 tube rows.
The authors attribute this to the better drainage of condensates which may
be caused by the swirling motions of the vortices.
Joarder and Jacobi (2005) performed full-scale wind tunnel testing of a com-
pact heat exchanger for automotive applications with delta-wing type VG.
An average heat transfer enhancement of 21-23.4% was seen in dry and wet
conditions over the baseline with an increase in pressure drop of less than
7%, beating the Chilton-Colburn analogy.
Sanders and Thole (2006) performed experiments on a scale model of a lou-
vered fin heat exchanger by augmenting heat transfer along the tube wall us-
ing winglets placed on the louvers. They tested for Reynolds numbers based
on the louver pitch ranging from 230 to 1016 on a number of parameters such
as angle of attack, aspect ratio, direction and shape. The parameters that
yielded higher heat transfer also produced higher friction factors. Winglet
size and angle of attack were directly related to the friction factor augmen-
tations while no generalizations were made for winglet distance to the wall.
The highest heat transfer augmentation of 39% was achieved with a friction
factor of 23%.
Lawson and Thole (2008) studied the manufacturing constraints of having
piercings in the louvered fins due to delta winglets stamped on to the louvered
fins. Heat transfer increases as high as 47% were seen with a 19% increase
in pressure loss (beating the Chilton-Colburn analogy). It was found that
piercings reduced the average heat transfer augmentations to about 24% but
is still higher than the case where no winglets are present.
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Joarder and Jacobi (2008) also performed full scale testing of compact plain
fin and tube heat exchanger. Reynolds number based on hydraulic diam-
eter range of 220 to 960 was studied. It was found that the heat transfer
coefficient increases from 16.5% to 44% for a single row winglet arrangement
with a pressure drop increase of less than 12% (beating the analogy). For
a three-row VG array placed in alternate tubes, the enhancement in heat
transfer increases from 19.9% to 68.8% with increased pressure drop penalty
from 87.5% to 26%.
Wu et al. (2012) compared the enhancements achieved from a plain fin and
tube heat exchanger with a staggered arrangement with and without punched
longitudinal vortex generators. They reported increases of heat transfer coef-
ficients by 16.5% and 28.2% in the common flow up and common flow down
configurations respectively and a decrease in pressure drop of about 10%,
findings again exceeding expectations from the Chilton-Colburn analogy.
The literature review presented in this chapter cites the articles that are most
germane to the current research. Should the reader seek further information,
especially on earlier work on this topic, the work of Jacobi and Shah (1995)
provides a more complete treatment. Jacobi and Shah (1995) discuss the
origins of this method of inducing vortices in the flow and provides a review
of progress by various researchers using longitudinal vortices for heat transfer
surface enhancement. In general, the results from the studies indicate that
VGs have a potential to reduce the area of heat transfer and size of the heat
exchangers considerably for a given heat load by having heat transfer en-
hancements that exceed the increase in pressure drop. Some studies showed
a decrease in pressure drop with a substantial increase in heat transfer en-
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hancements as in the case of fin and tube heat exchangers where the wake
region behind the tube is reduced by the introduction of winglets. In the
case of this study, the flow domain is a plain rectangular duct so there is
no such application that could reduce the pressure drop, however the study
is aimed at optimizing the deployment of winglets in such an arrangement
that may cause constructive interference between vortices while not having
a significant increase in pressure drop.
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CHAPTER 3
RESEARCH METHODS
The work described in the flow visualization experiments and mass transfer
experiments sections was conducted and written by a colleague, Gregory
Hardy whose thesis [8] describes these in more detail. That work is repeated
here (with his permission) for the purpose of completeness in the study.
Numerical simulations were conducted by the author.
3.1 Flow visualization apparatus and technique
3.1.1 Water Tunnel
Dye-in-water flow visualization was conducted in a closed-circuit water tun-
nel. These tests allowed for quick screening of many VG array configura-
tions. The water tunnel reservoirs and tunnel contraction were constructed
from reinforced fiberglass. A honeycomb was inserted upstream of the tun-
nel contraction and test section to reduce unsteadiness and turbulence in the
flow. Water flow was driven by a 0.37 kW, 230 V, single phase, AC induction
motor. Water velocity versus pump speed was calibrated by recording the
time required for a drop of dye to traverse the length of test section. The
motor is capable of generating water velocities ranging from about 2 to 25
cm/s.
17
3.1.2 Test Section
The test section was made from clear cast acrylic and measured 457.2 mm
x 304.8 mm x 304.8 mm. A parallel flow channel was created by mounting
two 304.8 mm x 304.8 mm x 2.38 mm sheets of clear acrylic in the test
section. The bottom channel sheet was fixed about 5 cm above the bottom
test section wall. The top channel sheet was installed in such a way to
allow the experimenter to change the channel spacing by indexing the top
sheet vertically. A sheet of laminated grid paper was fixed to the top of the
channel to provide a length scale and reference for attack angle. A mirror
was mounted at an angle beneath the test section to give clear view of the
flow and allow video capture from a camera and tripod set-up.
3.1.3 Dye Injection
The dye injection system consisted of three separate 250 mL dye reservoirs.
Food coloring dye was used as a tracer. The dye was gravity fed into the test
channel using 0.5 mm microinjection tubes bent in the flow direction. The
volume flow rate of each dye stream was regulated by a needle valve in the
dye supply tubing.
3.1.4 Vortex Generators
Vortex generators were made from 0.25 mm aluminum shim stock to allow
for easy hand cutting and bending. A single VG was cut from 0.25 mm
low-carbon steel shim stock so that a magnet could attract it. The magnet
allowed the VG to be moved around enabling real-time observation of vortex
behavior induced by small position and angle of attack adjustments. With
exception of the magnetic one, all VGs were adhered to the top channel sheet
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with double sided tape. The bases of the VGs were painted white to prevent
them from obscuring the flow visualization.
Figure 3.1: Flow visualization in the water tunnel
[Source: G. Hardy master’s thesis (2016)]
3.2 Mass transfer experiments
3.2.1 Naphthalene sublimation apparatus
Wind Tunnel
An open-circuit wind tunnel was used to conduct naphthalene sublimation
mass transfer experiments. The wind tunnel outlet was directed to another
room and out a window to ensure that the air entering the wind tunnel would
not be contaminated with naphthalene. A honeycomb was installed at the
tunnel inlet to reduce unsteadiness and turbulence in the flow. The flow was
passed through a 9:1 contraction to reduce turbulence and create a smooth
transition into the test section.
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Test Section
The test section was made from 12.7 mm thick, clear acrylic. The interior
cross section of the test section was 152.4 mm x 152.4 mm. At the front of
the test section, 2.54 mm wide and 3.18 mm deep grooves were cut into the
sidewalls to house fifteen fins. The grooves were cut to the same length as the
fins to prevent flow disturbances created by the grooves. Thirteen fins were
made from acrylic and two from aluminum, all measuring 250 mm x 146 mm
x 2.38 mm. This formed sixteen rectangular channels. Two 12 mm holes (one
in the sidewall and one in the bottom wall) were drilled in the test section
downstream of the fins. This was done so that a hotwire anemometer could
be inserted to calibrate the fan speed versus air velocity prior to testing. The
holes were covered with airtight plugs during sublimation experiments.
Test Fins
A 60 mm x 200 mm x 1 mm cavity was milled out of each aluminum fin to
house the naphthalene sample. A 0.5 mm lip was left between the leading
edge of the fin and the fin cavity in order to protect the naphthalene sample
from excessive leading edge sublimation and flow-altering shape deformation.
This small offset from the leading edge causes an unheated starting length,
however the effect was determined to be negligible.
3.2.2 Naphthalene Sublimation Technique
The naphthalene sublimation technique utilizes mass transfer in convective
flow in order to determine heat transfer coefficients. The technique used in
these experiments is an established method and is well explained by Mendes
[21]. Naphthalene is used because it sublimes readily under laboratory con-
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ditions. A major advantage is that the technique simulates adiabatic and
isothermal boundary conditions without introducing errors due to conduc-
tion and radiation heat transfer.
Sample Preparation
Scintillation grade (+99% pure) naphthalene was casted into each fin cavity.
This procedure was carried out in a fume hood due to the organic vapors that
are released when heating naphthalene. Additionally, because of its low flash
point (79o C), heating the naphthalene directly is a potential fire hazard. For
this reason, the naphthalene was heated using a hot water bath.
First a large beaker of water was heated on a hot plate above the melt-
ing point of naphthalene. Then another beaker containing naphthalene was
submerged in the water bath until the water level was higher than that of the
naphthalene and it was allowed to melt. The cavity in the aluminum fin was
lined with aluminum tape to create a barrier and preheated using a second
hot plate. The barrier was used to mask the fin and prevent overflow to the
area around the cavity. Preheating the fin prevented the molten naphthalene
from solidifying too quickly.
Naphthalene solidifies irregularly so it must be sanded down to produce a
smooth and uniform surface. First, 60 grit sandpaper was used to quickly
remove large irregularities and then 120 grit sand paper was used to smooth
the remaining material. The sand paper was wrapped around a small wooden
block larger than the width of the cavity to ensure a level surface. Finally,
the fin sample was sanded around the cavity and cleaned using isopropyl
alcohol in order to remove solidified naphthalene and dust.
21
Care was taken to minimize the amount of time between completion of naph-
thalene casting and installation of the sample in the wind tunnel. This was
done to minimize mass loss due to natural sublimation before testing oc-
curred. Before each test (and before sample casting) a template of the VG
array was printed and cut out and double sided tape was adhered to each
VG. The template was used to mark the position and attack angle of each
VG in the array on the sample. This allowed the VGs to be placed and
the fins weighed and installed in as little as five minutes after exposing the
sample to ambient air. The samples were measured using a mass balance
(±0.005g error).
A small experiment was performed to account for any sublimation due to
natural convection during sample preparation. Each sample was allowed to
sublime under ambient conditions for four minutes. The change in mass was
recorded using a precision mass balance with ±0.1mg uncertainty. The mass
change due to natural sublimation was negligible in comparison to the small-
est mass change during testing.
3.2.3 Mass Transfer Experimental Procedure
The naphthalene fins were installed in the center grooves of the test section
cross-section and exposed to airflow at varying velocities. Air temperature
at the wind tunnel inlet was recorded in 30-second intervals using a data
logger for the duration of the experiment. The temperature was monitored
to ensure there were no fluctuations beyond ±0.5 C. Due to the sensitivity
of naphthalene vapor pressure to air temperature, changes greater than 1 C
causes significant error in calculated mass transfer coefficients. Preliminary
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tests were run to determine the optimal test duration. For all cases, duration
of 2-3 hours was sufficient to sublime a measurable amount of naphthalene
while minimizing changes in the cast geometry. After each test, the samples
were weighed and recorded immediately.
3.2.4 Data Reduction
The data was reduced to calculate Reynolds number, average mass transfer
coefficient, and average Sherwood Number, and the average Nusselt number
was determined using the heat and mass transfer analogy. The uncertainties
were calculated to be ±5%, ±2.5%, ±5.6%, and ±5.6% respectively for wind
tunnel testing.
hm =
∆m
Anρn,v∆t
(3.1)
Sh =
hmDh
Dn,a
(3.2)
Nu = Sh
(
Pr
Sc
) 1
3
(3.3)
Finally, a mass transfer enhancement parameter (She/Shb) was defined as the
ratio of the Sherwood number in a VG enhanced fin versus that of a baseline
unenhanced fin with no VGs. The uncertainty in Sherwood enhancement
was 7.9%. For flow visualization, the uncertainty in Reynolds number was
±10.4%. All uncertainties were determined using the method of Kline and
McClintock.
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3.3 Numerical simulation
3.3.1 Governing equations
The equations used are the conservation of mass, momentum and energy
equations as described in equations 4-6. The fluid is assumed to be incom-
pressible with constant properties, negligible viscous dissipation and buoy-
ancy effects. The flow is laminar, steady and three dimensional.
ρ
∂
∂xi
(ui) = 0 (3.4)
ρ
∂
∂xi
(uiuj) = − ∂P
∂xj
+ µ
∂
∂xi
(
∂uj
∂xi
)
(3.5)
ρ
∂
∂xi
(uiT ) =
k
cp
∂
∂xi
(
∂T
∂xi
)
(3.6)
3.3.2 Boundary conditions
A plain channel represents one single element in a plain-fin flat tube cross
flow heat exchanger and is used as the fin model. All flow variables are ini-
tialized at zero except for a prescribed inlet velocity, inlet temperature and
constant wall temperatures. The flow is simulated in half the duct as the
placement of VG pairs is symmetric. A uniform wall temperature is pre-
scribed at three walls with a no slip boundary condition and a symmetry
condition is prescribed on the fourth side along the axis of symmetry. The
computational domain is extended downstream such that a fully developed
outflow boundary condition is prescribed at the outlet. In the case where
VGs were present, a no slip boundary condition was used with a constant
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temperature of the wall. The geometry of the fin being simulated is shown
in Figure3.2. The actual fin dimensions are 19x2x200 mm (BxHxL).
Inlet (z=0):
u = v = 0;w = w∞;T = T∞ (3.7)
Outlet (z=L):
∂u
∂z
=
∂v
∂z
=
∂w
∂z
= 0;
∂T
∂z
= 0 (3.8)
Symmetry plane (x=0):
u = 0;
∂v
∂x
=
∂w
∂x
= 0;
∂T
∂x
= 0 (3.9)
Side walls (x=B/2, y=0, y=H):
u = v = w = 0;T = Tw (3.10)
Figure 3.2: Computational domain and mesh
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3.3.3 Geometry
The VGs used are delta winglets with dimensions of 2x3 mm and thickness
0.25mm. The VG are placed at an angle of attack of 30◦. The array is placed
in a V-shaped configuration where the tip of the downstream VG is in line
with the tail end of the preceding VG. The first VG pair is separated by a
distance of 2mm from each other. The second and third pairs are placed two
cord lengths distance downstream of the flow. The straight line configuration
has two pairs of VGs placed in the same xy-plane, at a distance such that
there is no interaction of the vortices. Only a quarter of the full length (L)
is studied for effective area of enhancement with the idea that the placement
of the VG rows will be repeated in the sections downstream of the flow.
The geometry of a 3VG row is shown in Figure 3.3 and the straight line
configuration in Figure 3.4. The intermediate mesh as described in the grid
independence section is used with a finer distribution of cells around the VG.
Figure 3.3: Isometric and top view of the 3VG pair array
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Figure 3.4: Isometric and top view of the straight line configuration
3.3.4 Numerical method
A commercial finite-volume based CFD software, ANSYS Fluent is used for
solving the governing equations with the prescribed boundary conditions. A
Semi-Implicit Method for Pressure Linked Equations-Consistent (SIMPLEC)
was used for the coupling and correction of pressure and velocity terms. The
second order upwind scheme is used for the momentum and energy terms and
a second order accuracy is obtained in the pressure term. Scaled residuals
of continuity and momentum equations are set to 10−5 and energy equations
are converged to 10−8.
The perimeter averaged nusselt number (Nu) is defined by the equation:
Nu(z) =
h(z)Dh
k
(3.11)
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Where the h is the surface heat transfer coefficient is given by the equation:
h(z) =
q(z)
Tw − Tm(z) (3.12)
Tm(z) =
∫ ∫
T (x, y, z)w(x, y, z)dxdy∫ ∫
w(x, y, z)dxdy
(3.13)
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CHAPTER 4
NUMERICAL VALIDATION
4.1 Validation with analytic results
In order to validate the numerical method, a plain rectangular duct was
first simulated to compare to literature values. The results show that the
fully developed Nusselt numbers converge to the analytic solution (Haji-
Sheikh et al., 1983) with a relative error of 1.7% for both the low and high
Reynolds number based on hydraulic diameter. The pressure drop values
are comparable to the theoretical pressure drop (Kaka et al., 1987) with a
relative error of 3% for low Reynolds number based on the hydraulic diameter
(3.35Pa) and 3.9% for the high Reynolds number case (25.91 Pa).
Figure 4.1: Verification with analytic solution for a plain rectangular
channel
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4.2 Grid independence test
A grid independence test was conducted with three different mesh sizes a
coarse mesh with 20x40 (400,000 cells), an intermediate mesh with 40x80
(818,160 cells) and a fine mesh with 80x80 cells (3.1 million cells). The results
for fully developed Nusselt number and pressure drop for the intermediate
and fine grid are within 0.1% and so the intermediate mesh is considered grid
independent for the purpose of this study.
Figure 4.2: Grid independence- low Re
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Figure 4.3: Grid independence- high Re
4.3 Validation with experiments
The results of the mass transfer experiments give an average Nusselt number
which is compared to the numerical simulation. A range of Reynolds num-
bers from 710 to 1930 is used as permissible by the experimental set up. The
geometry and conditions of the experiment are mimicked in the numerical
set up. A uniform wall temperature is imposed only on the area where naph-
thalene is cast and the rest of the wall is adiabatic. An area averaged Nusselt
number is obtained from the numerical simulation. The results are within
the experimental uncertainty (5.6%) for the first two Reynolds numbers and
a difference of 9.6% is seen for the highest Reynolds number case.
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Figure 4.4: Validation with experiment
[Experimental data collected by G.Hardy]
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CHAPTER 5
NUMERICAL RESULTS AND DISCUSSION
Based on the geometry guided by the flow visualization experiments, a VG
array consisting of up to three pairs of delta winglets are simulated. The
results of the Nusselt number enhancement and the associated pressure drop
penalty will be compared to the baseline case for different number of VG
pairs and Reynolds numbers. The results for low Re (225) indicate that the
ratio of Nusselt number increase to the pressure drop penalty is the high-
est for one VG pair (1.71) and decreases for two pair (1.54) and three pairs
(1.34) of VGs (see Table 5.1 and Figure 5.1). When the Reynolds number is
increased to 1123, there is a good enhancement in Nusselt number of 31.5%
associated with a higher pressure drop increase of 45% (see Figure 5.2).
Table 5.1: Increase in Nusselt number and pressure drop for VG array
Re No. of VG pairs ∆P increase Nu increase
225
1 6.3% 10.8%
2 12.4% 19.1%
3 18.3% 24.5%
1123 3 45.0% 31.5%
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Figure 5.1: Perimeter averaged Nusselt numbers along the flow direction for
Re=225
Figure 5.2: Perimeter averaged Nusselt numbers along the flow direction for
Re=1123
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In order to look into why the pressure drop increases significantly, the inter-
action between vortices is studied by plotting contours of z-vorticity and a
comparison is made between the two Reynolds numbers. Figure 5.3 depicts
different cross sections along the flow (z-direction) to study vortex strength
normal to the plane. The left side of each figure is a line of symmetry (x=0)
and the top, bottom and right sides represent walls. In the low Re case,
the vortices dissipate faster and there is not a lot of interaction between the
first vortex that is generated with the subsequent vortices. In the high Re
case, the vortices generated are stronger and persist through the length of
the duct. There are a lot more interactions and a secondary vortex is also
generated next to the symmetry line. However the interactions between vor-
tices do not seem to add to the vortex strength but introduces a lot of mixing
in the flow. The VGs are located starting at 7.5mm, 16mm and 24.5mm in
the negative z-direction or flow direction.
Figure 5.3: Contours of z-vorticity along the flow direction (-z axis)
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On the other hand, VG pairs were placed beside each other on the x-y plane
far enough where there is no interaction between the vortices where the
heat transfer increased significantly and pressure drop penalty was not much
higher than the two VG pair array for low Reynolds number case (see Table
5.2). The array configuration with two VG pairs has a slightly lower pres-
sure drop when the vortices interact slightly but are able to flow through
the channel smoothly. In the high Re case, the Nusselt number increase and
pressure drop penalty are almost equal. Based on the Reynolds number the
vortex strength increases so the same delta winglets produce stronger vor-
tices that are unable to flow as easily through the channel.
Table 5.2: VG pairs with no vortex interaction
Re No. of VG pairs ∆P increase Nu increase
225 2 14.1% 23.8%
1123 3 38.2% 38.3%
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CHAPTER 6
CONCLUSION
A numerical study of two different configurations of delta winglet VG in
a rectangular channel is carried out at two Reynolds numbers. The heat
transfer and pressure drop changes are reported with and without interaction
between the generated vortices. The main findings are summarized below:
• Placing delta winglets in the array configuration led to an increase in
Nusselt numbers higher than the pressure drop penalty at low Reynolds
number.
• Pressure drop is slightly lower for the array in comparison to the
straight line formation for two VG pairs; however, the increase in Nus-
selt number is higher in the straight line configuration.
• When no interaction between vortices occurs, there is better perfor-
mance which suggests that the array may have caused some destructive
interference between vortices.
The use of vortex generators in a rectangular channel induces a complex flow
structure, which needs to be studied systematically at a more fundamental
level. While introducing a second row of VG, it is important that the winglet
does not interfere with the path of the vortices generated upstream, which
could cause destructive interference. In addition, the vortex shed by the sec-
ond VG should be studied so that it can be made to interact with the first
VG in the best possible way. In this study, the straight line placement of VG
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is better suited for varying Reynolds numbers, since there is no interaction
of vortices.
Recommended future work would include looking closely into the vortex
structure and how vortex strength changes at different Reynolds numbers.
The first goal would be to achieve constructive interference by placing the
second VG at different locations downstream of the first vortex while keeping
a fixed Reynolds number. Other parameters such as aspect ratio, angle of
attack, etc can also be changed to find the best fit. Once this is achieved,
Reynolds number can be changed and the process repeated. In this way, one
can form a relation between the separation distance between consecutive VGs
and the incoming flow velocity. This would affect placement of VGs down-
stream of the flow for different flow velocities since the vortices are found to
interact differently for a fixed deployment but with different Reynolds num-
bers. A design solution to this problem may be provided by the use of novel
shape shifting fins, where the placement of VG may be modified for different
operating conditions within the same heat exchanger.
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APPENDIX A
EES CODES
Figure1.4: f vs j for different fins
"j vs f"
"Fin Dimensions"
x = 0.2
F_p = 0.0039/2
F_h = 0.019
F_l = F_h
delta_f = 0.00025
L_p = 0.0025
L_l = 0.017
T_d = F_d
T_p = F_h+0.0254
theta = 27
N_LB = 2
F_d = x
L_d=T_d
D_h = (2*F_p*T_p/(F_p+T_p))
kv = 1.568*10^(-5)
Re = v * D_h/ kv
"Colburn analogy"
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f=2*j
"Park and Jacobi- Louvered fin"
c1 = 0.8723
c2 = 0.219
c3 = -0.0881
c4 = 0.1491
c5 = -0.2585
c6 = 0.54
c7 = -0.9023
c8 = 2.624
c9 = 0.3005
c10 = -0.4578
c11 = -0.008737
c12 = 0.04897
c13 = 0.1417
c14 = -0.0065
d1 = 3.689
d2 = -0.2563
d3 = 0.9041
d4 = 0.2004
d5 = 0.733
d6 = 0.6481
d7 = -0.6474
d8 = 0.7986
d9 = -0.8454
d10 = 0.001298
d11 = 1.259
Re_LP = v * L_p/ kv
j_Re = Re_LP ^ (c10 + c11 * cosh((F_p / L_p) - 1))
j_low = 1 - (sin(L_p / F_p * theta) * (cosh(c12 * Re_LP - c13 * T_d
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/(N_LB * F_p))) ^(-1))
j_louver = 1 - (c14 * Tan(theta) * (T_d / (N_LB * F_p)) * cos(2 *
pi* (F_p / (L_p * Tan(theta)) - 1.8)))
f_Re = (Re_LP * F_p / L_p) ^ d9 + d10 * Re_LP ^ (d11 * (delta_f /F_p))
f_louvered= d1 * f_Re * N_LB ^ d2 * (F_p / L_p) ^ d3 * sin(theta
+ d4) * (1 - (F_l / T_p)) ^ d5 * (L_l / F_l) ^ d6 * (delta_f / L_p)
^ d7 * (F_l / F_p) ^ d8
j_louvered= c1 * j_Re * j_low * j_louver * theta ^ c2 * N_LB ^ c3
* (F_l / L_p) ^ c4 * (T_d / F_p) ^ c5 * (L_l / F_l) ^ c6 * (F_l /
T_p) ^ c7 * (1 - (delta_f / L_p)) ^ c8 * (L_p / F_p) ^ c9
jf_louvered = j_louvered/f_louvered
"Mangik and Bergles - Slit fin"
alpha = F_p/T_p
delta = delta_f/F_l
gamma = delta_f/F_p
j_slit = 0.6522*Re^(-0.5403)* alpha^(-.1541)* delta^.1499*gamma^
(-0.0678)* (1+5.269*10^(-5)* Re^1.34* alpha^.504* delta^ (.456)*
gamma^(-1.055))^0.1
f_slit = 9.6243*Re^(-0.7422)* alpha^(-0.1856)* delta^.3053* gamma^
(-.2659)* (1+7.669*10^(-8)* Re^4.429* alpha^0.92* delta^3.767* gamma^
(0.236)^0.1
"Junqi et. al.-wavy fin"
Ampl_2 = 0.0015
L = 0.0108
j_wavy= 0.0836*(Re)^(-0.2309)*(F_p/F_h)^0.1284*(F_p/Ampl_2)^(-0.153)
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*(L_d/L)^(-0.326)
f_wavy = 1.16*(Re)^(-0.309)* (F_p/F_h)^0.3703* (F_p/Ampl_2)^(-0.25)*
(L_d/L)^(-0.1152)
jf_wavy = j_wavy/f_wavy
"Developing laminar flow in a rectangular duct"
x|plus = x / (D_h*Re)
K=0.796
fRe=21.665
C=0.000051
A = 3.44/(x|plus)^(0.5)
f_plain = (1/Re) * ((A)+((fRe+K/(4*x|plus)-A)/(1+C*x|plus^(-2))))
"---------Eqs for developing channel flow see ARTI report, from
Kays and Crawford 1980, Shah 1978--------"
L_plain=0.06
j_plain= NL/(Re*Pr^(1/3))
NL = 4.8983 + 0.090914/x_nl + -0.0007786/x_nl^2 + 0.0000035363/x_nl^3
x_nl = (2*L_plain/D_h)/(Re*Pr)
Pr=Prandtl(Air_ha,T=T, P=P)
T=25; P=101; {v_fr=1}
jf_plain = j_plain/f_plain
"Vortex generators: curve fit from ACRC report-He and Jacobi"
ch = 0.006
Re_ch = v * ch/ kv
j_VG = 0.00000000076*Re_ch^2 - 0.00000627655*Re_ch + 0.02122977435
f_VG = 0.00000000315*Re_ch^2 - 0.00002271150*Re_ch + 0.05853932925
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jf_VG = j_VG/f_VG
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Figure1.5: heat exchanger model with fixed heat duty
"Condenser-steam side"
"Water properties"
fluidname$=’water’
m_dot_water=(40000 [lbm/hr])*convert(’lbm/hr’,’kg/s’)/2
"Per cell per side . Assume each cell has two sides"
"Typical condenser pressure"
P_condenser= 6700 [Pa]
T_condenser=temperature(fluidname$, P=P_condenser, x=0)
"T_condenser_air = T_condenser - T_air_in"
"Condenser inlet"
x_2=0.8336 "output from subroutine for condenser"
T_2=T_condenser
i_2 = enthalpy(fluidname$,T=T_2,x=x_2)
P_2=P_condenser
"Condenser outlet"
"Assume the condenser out let is saturated liquid, no subcooling"
x_3=0
T_3=T_condenser
i_3=enthalpy(fluidname$,T=T_3,x=x_3)
s_3=Entropy(fluidname$,T=T_3,h=i_3)
P_3=Pressure(fluidname$, T=T_3,h=i_3)
q_dot_condenser=i_2-i_3
Q_condenser=q_dot_condenser*m_dot_water
Q_cond = q_dot_condenser*m_dot_water/1000000
44
"Air properties"
m_dot_air=rho_air_avg*Vol_dot_air
T_air_in=25[K]+273.15[K]
P_air_in=101325 [Pa] +Delta_P_air
RH_air_in=0
rho_air_in=density(AirH2O, T=T_air_in,P=P_air_in,R=RH_air_in)
P_air_out=P_air_in
RH_air_out=RH_air_in
rho_air_out=density(AirH2O, T=T_air_out,P=P_air_out,R=RH_air_out)
T_air_avg=(T_air_in+T_air_out)/2
"P_air_avg=(P_air_in+P_air_out)/2"
P_air_avg = 101325
RH_air_avg=(RH_air_in+RH_air_out)/2
Cp_air_avg=Specheat(AirH2O, T=T_air_avg,P=P_air_avg,R=RH_air_avg)
rho_air_avg=density(AirH2O, T=T_air_avg,P=P_air_avg,R=RH_air_avg)
Pr_air_avg=Prandtl (Air, T=T_air_avg)
C_air=Cp_air_avg*m_dot_air
C_min=C_air
"Condenser geometry"
"A_T=15817"
Area_T = A_T/1000
A_tube=A_T/10
A_face=A_T/124 "Assume 2 row of bundle"
sigma=0.8 "Contraction ratio"
A_free=A_face*sigma
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"e-NTU method"
"v_air_face =5 [m/s]"
Q_cond_max=(T_2-T_air_in)*C_min
T_air_out=Q_condenser/C_min+T_air_in
epsilon=Q_condenser/Q_cond_max
Ntu=-LN(1-epsilon)
UA=Ntu*C_min
h_air=j_air*(C_air/A_face)/(Pr_air_avg)^(2/3)
G_air=m_dot_air/A_free
h_water=10000 [J/m^2-s-K]
R_tube=0
R_air=1/(A_T*h_air*eta_fin)
R_water=1/(A_tube*h_water)
1/UA=R_air+R_water+R_tube
"Fan"
f=A_free/A_T*(rho_air_avg)*(2*Delta_P_air/G_air^2)
v_air_face=m_dot_air/rho_air_avg/A_face
Fanpower=Delta_P_air*Vol_dot_air/1000
"Fin"
x = 0.2
F_p = 0.002
F_h = 0.019
delta_f = 0.00025
D_h = 2*F_p*F_h/(F_p+F_h)
k_fin = 237 [W/m/K] "Thermal conductivity of aluminum fin"
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m = abs(h_air*P/(k_fin*(x*delta_f)))^(1/2)
"(x*F_p)=A_c cross sectional area"
P = 2*(x*delta_f) "Fin perimeter"
eta_fin = tanh(m*F_h)/(m*F_h)
"Developing duct flow- friction factor correlation for all regimes"
"f=1.30425/(Re^0.5)*(1+(14.02339/(Re^0.5))^1.2)^(1/1.2)"
"---------Eqs for developing channel flow see ARTI report, from
Kays and Crawford 1980, Shah 1978--------"
L_plain=0.2
j_air= NL/(Re*Pr_air_avg^(1/3))
NL = 4.8983 + 0.090914/x_nl + -0.0007786/x_nl^2 + 0.0000035363/x_nl^3
x_nl = (2*L_plain/D_h)/(Re*Pr_air_avg)
Pr=Prandtl(Air_ha,T=T_air_avg, P=P_air_avg)
"Developing laminar flow in a rectangular duct (Shah)"
kv = 1.568*10^(-5)
Re = v_air_face * D_h/ kv
x|plus = x / (D_h*Re)
K=0.796
fRe=21.665
C=0.000051
A = 3.44/(x|plus)^(0.5)
f = (1/Re) * ((A)+((fRe+K/(4*x|plus)-A)/(1+C*x|plus^(-2))))
"Wavy fin correlations - Junqi et. al. "
Ampl_2 = 1.5 *10^(-3)
L = 10.8*10^(-3)
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L_d = x
"j_air= 0.0836*(Re)^(-0.2309)*(F_p/F_h)^0.1284*(F_p/Ampl_2)^(-0.153)
*(L_d/L)^(-0.326)
f = 1.16*(Re)^(-0.309)* (F_p/F_h)^0.3703* (F_p/Ampl_2)^ (-0.25)*
(L_d/L)^ (-0.1152)"
"Constant f"
"f=0.01662" "lowest value in developing duct f-factor"
"Louvered fin correlations- Park and Jacobi"
F_l = F_h
L_p = .0025
L_l = 0.017
T_d = F_d
T_p = F_h+0.0254
theta = 27
N_LB = 2
F_d = x
c1 = 0.8723
c2 = 0.219
c3 = -0.0881
c4 = 0.1491
c5 = -0.2585
c6 = 0.54
c7 = -0.9023
c8 = 2.624
c9 = 0.3005
c10 = -0.4578
c11 = -0.008737
c12 = 0.04897
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c13 = 0.1417
c14 = -0.0065
d1 = 3.689
d2 = -0.2563
d3 = 0.9041
d4 = 0.2004
d5 = 0.733
d6 = 0.6481
d7 = -0.6474
d8 = 0.7986
d9 = -0.8454
d10 = 0.001298
d11 = 1.259
Re_LP = v_air_face * L_p/ kv
j_Re = Re_LP ^ (c10 + c11 * cosh((F_p / L_p) - 1))
j_low = 1 - (sin(L_p / F_p * theta) * (cosh(c12 * Re_LP - c13 * T_d
/ (N_LB * F_p))) ^(-1))
j_louver = 1 - (c14 * Tan(theta) * (T_d / (N_LB * F_p)) * cos(2 *
pi* (F_p / (L_p * Tan(theta)) - 1.8)))
f_Re = (Re_LP * F_p / L_p) ^ d9 + d10 * Re_LP ^ (d11 * (delta_f /F_p))
"f= d1 * f_Re * N_LB ^ d2 * (F_p / L_p) ^ d3 * sin(theta + d4) *
(1 - (F_l / T_p)) ^ d5 * (L_l / F_l) ^ d6 * (delta_f / L_p) ^ d7
* (F_l / F_p) ^ d8
j_air= c1 * j_Re * j_low * j_louver * theta ^ c2 * N_LB ^ c3 * (F_l
/ L_p) ^ c4 * (T_d / F_p) ^ c5 * (L_l / F_l) ^ c6 * (F_l / T_p) ^
c7 * (1 - (delta_f / L_p)) ^ c8 * (L_p / F_p) ^ c9"
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"f_c=2*j_c"
"Vortex generators: curve fit from ACRC report-He and Jacobi"
ch = 0.006
Re_ch = v_air_face * ch/ kv
"j_air = 0.00000000076*Re_ch^2 - 0.00000627655*Re_ch + 0.02122977435
f = 0.00000000315*Re_ch^2 - 0.00002271150*Re_ch + 0.05853932925"
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Figure1.6: heat exchanger model with fixed area of heat transfer
"Condenser-steam side"
"Water properties"
fluidname$=’water’
m_dot_water=(40000 [lbm/hr])*convert(’lbm/hr’,’kg/s’)/2
"Per cell per side . Assume each cell has two sides"
"Typical condener pressure"
"P_condenser= 6700 [Pa]"
T_condenser=temperature(fluidname$, P=P_condenser, x=0)
T_condenser_air = T_condenser - T_air_in
"Condenser inlet"
x_2=0.8336 "output from subroutine for condenser"
T_2=T_condenser
i_2 = enthalpy(fluidname$,T=T_2,x=x_2)
P_2=P_condenser
"Condenser outlet"
"Assume the condenser out let is saturated liquid, no subcooling"
x_3=0
T_3=T_condenser
i_3=enthalpy(fluidname$,T=T_3,x=x_3)
s_3=Entropy(fluidname$,T=T_3,h=i_3)
P_3=Pressure(fluidname$, T=T_3,h=i_3)
q_dot_condenser=i_2-i_3
Q_condenser=q_dot_condenser*m_dot_water
Q_cond = q_dot_condenser*m_dot_water/1000000
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"Air properties"
m_dot_air=rho_air_avg*Vol_dot_air
T_air_in=25[K]+273.15[K]
P_air_in=101325 [Pa] +Delta_P_air
RH_air_in=0
rho_air_in=density(AirH2O, T=T_air_in,P=P_air_in,R=RH_air_in)
P_air_out=P_air_in
RH_air_out=RH_air_in
rho_air_out=density(AirH2O, T=T_air_out,P=P_air_out,R=RH_air_out)
T_air_avg=(T_air_in+T_air_out)/2
"P_air_avg=(P_air_in+P_air_out)/2"
P_air_avg = 101325
RH_air_avg=(RH_air_in+RH_air_out)/2
Cp_air_avg=Specheat(AirH2O, T=T_air_avg,P=P_air_avg,R=RH_air_avg)
rho_air_avg=density(AirH2O, T=T_air_avg,P=P_air_avg,R=RH_air_avg)
Pr_air_avg=Prandtl (Air, T=T_air_avg)
C_air=Cp_air_avg*m_dot_air
C_min=C_air
"Condenser geometry"
A_air=15817
A_tube=A_air/10
A_face=A_air/124 "Assume 2 row of buddle"
sigma=0.8 "Contraction ratio"
A_free=A_face*sigma
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"e-NTU method"
Q_cond_max=(T_2-T_air_in)*C_min
T_air_out=Q_condenser/C_min+T_air_in
epsilon=Q_condenser/Q_cond_max
Ntu=-LN(1-epsilon)
UA=Ntu*C_min
h_air=j_air*(C_air/A_face)/(Pr_air_avg)^(2/3)
G_air=m_dot_air/A_free
h_water=10000 [J/m^2-s-K]
R_tube=0
R_air=1/(A_air*h_air*eta_fin)
R_water=1/(A_tube*h_water)
1/UA=R_air+R_water+R_tube
"Fan"
f=A_free/A_air*(rho_air_avg)*(2*Delta_P_air/G_air^2)
v_air_face=m_dot_air/rho_air_avg/A_face
Fanpower=Delta_P_air*Vol_dot_air/1000
"Fin"
x = 0.2
F_p = 0.0039/2
F_h = 0.019
delta_f = 0.00025
D_h = 2*F_p*F_h/(F_p+F_h)
k_fin = 237 [W/m/K] "Thermal conductivity of aluminum fin"
m = abs(h_air*P/(k_fin*(x*delta_f)))^(1/2)
"(x*F_p)=A_c cross sectional area"
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P = 2*(x*delta_f) "Fin perimeter"
eta_fin = tanh(m*F_h)/(m*F_h)
"Developing duct flow- friction factor correlation for all regimes"
"f=1.30425/(Re^0.5)*(1+(14.02339/(Re^0.5))^1.2)^(1/1.2)"
"---------Eqs for developing channel flow see ARTI report, from
Kays and Crawford 1980, Shah 1978--------"
L_plain=0.2
j_air= NL/(Re*Pr_air_avg^(1/3))
NL = 4.8983 + 0.090914/x_nl + -0.0007786/x_nl^2 + 0.0000035363/x_nl^3
x_nl = (2*L_plain/D_h)/(Re*Pr_air_avg)
Pr=Prandtl(Air_ha,T=T_air_avg, P=P_air_avg)
"Developing laminar flow in a rectangular duct (Shah)"
kv = 1.568*10^(-5)
Re = v_air_face * D_h/ kv
x|plus = x / (D_h*Re)
K=0.796
fRe=21.665
C=0.000051
A = 3.44/(x|plus)^(0.5)
f = (1/Re) * ((A)+((fRe+K/(4*x|plus)-A)/(1+C*x|plus^(-2))))
"Wavy fin correlations - Junqi et. al. "
Ampl_2 = 1.5 *10^(-3)
L = 10.8*10^(-3)
L_d = x
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"j_air= 0.0836*(Re)^(-0.2309)*(F_p/F_h)^0.1284*(F_p/Ampl_2)^(-0.153)
*(L_d/L)^(-0.326)
f = 1.16*(Re)^(-0.309)* (F_p/F_h)^0.3703* (F_p/Ampl_2)^ (-0.25)*
(L_d/L)^ (-0.1152)"
"Constant f"
"f=0.01662" "lowest value in developing duct f-factor"
"Louvered fin correlations- Park and Jacobi"
F_l = F_h
L_p = .0025
L_l = 0.017
T_d = F_d
T_p = F_h+0.0254
theta = 27
N_LB = 2
F_d = x
c1 = 0.8723
c2 = 0.219
c3 = -0.0881
c4 = 0.1491
c5 = -0.2585
c6 = 0.54
c7 = -0.9023
c8 = 2.624
c9 = 0.3005
c10 = -0.4578
c11 = -0.008737
c12 = 0.04897
c13 = 0.1417
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c14 = -0.0065
d1 = 3.689
d2 = -0.2563
d3 = 0.9041
d4 = 0.2004
d5 = 0.733
d6 = 0.6481
d7 = -0.6474
d8 = 0.7986
d9 = -0.8454
d10 = 0.001298
d11 = 1.259
Re_LP = v_air_face * L_p/ kv
j_Re = Re_LP ^ (c10 + c11 * cosh((F_p / L_p) - 1))
j_low = 1 - (sin(L_p / F_p * theta) * (cosh(c12 * Re_LP - c13 * T_d
/ (N_LB * F_p))) ^(-1))
j_louver = 1 - (c14 * Tan(theta) * (T_d / (N_LB * F_p)) * cos(2 *
pi* (F_p / (L_p * Tan(theta)) - 1.8)))
f_Re = (Re_LP * F_p / L_p) ^ d9 + d10 * Re_LP ^ (d11 * (delta_f /F_p))
"f= d1 * f_Re * N_LB ^ d2 * (F_p / L_p) ^ d3 * sin(theta + d4) *
(1 - (F_l / T_p)) ^ d5 * (L_l / F_l) ^ d6 * (delta_f / L_p) ^ d7
* (F_l / F_p) ^ d8
j_air= c1 * j_Re * j_low * j_louver * theta ^ c2 * N_LB ^ c3 * (F_l
/ L_p) ^ c4 * (T_d / F_p) ^ c5 * (L_l / F_l) ^ c6 * (F_l / T_p) ^
c7 * (1 - (delta_f / L_p)) ^ c8 * (L_p / F_p) ^ c9"
f_c=2*j_c
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"Vortex generators: curve fit from ACRC report-He and Jacobi"
ch = 0.006
Re_ch = v_air_face * ch/ kv
"j_air = 0.00000000076*Re_ch^2 - 0.00000627655*Re_ch + 0.02122977435
f = 0.00000000315*Re_ch^2 - 0.00002271150*Re_ch + 0.05853932925"
57
REFERENCES
[1] G. Biswas, P. Deb, and S. Biswas. Generation of longitudinal streamwise
vorticesa device for improving heat exchanger design. Journal of heat
transfer, 116(3):588–597, 1994.
[2] Y. Chen, M. Fiebig, and N. Mitra. Heat transfer enhancement of finned
oval tubes with staggered punched longitudinal vortex generators. In-
ternational Journal of Heat and Mass Transfer, 43(3):417–435, 2000.
[3] D. J. Dezan, L. O. Salviano, and J. I. Yanagihara. Interaction effects
between parameters in a flat-tube louvered fin compact heat exchanger
with delta-winglets vortex generators. Applied Thermal Engineering,
91:1092–1105, 2015.
[4] A. ElSherbini and A. Jacobi. The thermal-hydraulic impact of delta-
wing vortex generators on the performance of a plain-fin-and-tube heat
exchanger. HVAC&R Research, 8(4):357–370, 2002.
[5] M. Fiebig, A. Valencia, and N. Mitra. Wing-type vortex generators for
fin-and-tube heat exchangers. Experimental Thermal and Fluid Science,
7(4):287–295, 1993.
[6] M. Fiebig, A. Valencia, and N. Mitra. Local heat transfer and flow losses
in fin-and-tube heat exchangers with vortex generators: a comparison of
58
round and flat tubes. Experimental Thermal and Fluid Science, 8(1):35–
45, 1994.
[7] A. Haji-Sheikh, M. Mashena, and M. Haji-Sheikh. Heat transfer coeffi-
cient in ducts with constant wall temperature. Journal of heat transfer,
105(4):878–883, 1983.
[8] G. Hardy. Design optimization of vortex generator v-arrays for air cooled
condensers. Master’s thesis, UIUC, 2016.
[9] J. He. Vortex-enhanced heat transfer by a new delta-winglet array. PhD
thesis, University of Illinois at Urbana-Champaign, 2013.
[10] Y.-L. He, P. Chu, W.-Q. Tao, Y.-W. Zhang, and T. Xie. Analysis of heat
transfer and pressure drop for fin-and-tube heat exchangers with rect-
angular winglet-type vortex generators. Applied Thermal Engineering,
61(2):770–783, 2013.
[11] A. Jacobi and R. Shah. Heat transfer surface enhancement through the
use of longitudinal vortices: a review of recent progress. Experimental
Thermal and Fluid Science, 11(3):295–309, 1995.
[12] A. Joardar and A. Jacobi. Impact of leading edge delta-wing vortex
generators on the thermal performance of a flat tube, louvered-fin com-
pact heat exchanger. International Journal of Heat and Mass Transfer,
48(8):1480–1493, 2005.
[13] A. Joardar and A. Jacobi. A numerical study of flow and heat transfer
enhancement using an array of delta-winglet vortex generators in a fin-
and-tube heat exchanger. Journal of Heat Transfer, 129(9):1156–1167,
2007.
59
[14] A. Joardar and A. Jacobi. Heat transfer enhancement by winglet-type
vortex generator arrays in compact plain-fin-and-tube heat exchangers.
International Journal of refrigeration, 31(1):87–97, 2008.
[15] D. Junqi, C. Jiangping, C. Zhijiu, Z. Yimin, and Z. Wenfeng. Heat
transfer and pressure drop correlations for the wavy fin and flat tube
heat exchangers. Applied Thermal Engineering, 27(11):2066–2073, 2007.
[16] S. Kakac¸, R. K. Shah, and W. Aung. Handbook of single-phase convective
heat transfer. Wiley New York et al., 1987.
[17] W. M. Kays, M. E. Crawford, and B. Weigand. Convective heat and
mass transfer. Tata McGraw-Hill Education, 2012.
[18] K. Kwak, K. Torii, and K. Nishino. Simultaneous heat transfer enhance-
ment and pressure loss reduction for finned-tube bundles with the first
or two transverse rows of built-in winglets. Experimental Thermal and
Fluid Science, 29(5):625–632, 2005.
[19] M. J. Lawson and K. A. Thole. Heat transfer augmentation along
the tube wall of a louvered fin heat exchanger using practical delta
winglets. International Journal of Heat and Mass Transfer, 51(9):2346–
2360, 2008.
[20] J.-S. Leu, Y.-H. Wu, and J.-Y. Jang. Heat transfer and fluid flow anal-
ysis in plate-fin and tube heat exchangers with a pair of block shape
vortex generators. International Journal of Heat and Mass Transfer,
47(19):4327–4338, 2004.
[21] P. S. Mendes. The naphthalene sublimation technique. Experimental
Thermal and Fluid Science, 4(5):510–523, 1991.
60
[22] C. Min, C. Qi, X. Kong, and J. Dong. Experimental study of rectangular
channel with modified rectangular longitudinal vortex generators. In-
ternational Journal of Heat and Mass Transfer, 53(15):3023–3029, 2010.
[23] J. E. OBrien and M. S. Sohal. Heat transfer enhancement for finned-tube
heat exchangers with winglets. Journal of heat transfer, 127(2):171–178,
2005.
[24] Y.-G. Park and A. M. Jacobi. The air-side thermal-hydraulic perfor-
mance of flat-tube heat exchangers with louvered, wavy, and plain fins
under dry and wet conditions. Journal of heat transfer, 131(6):061801,
2009.
[25] P. A. Sanders and K. A. Thole. Effects of winglets to augment tube wall
heat transfer in louvered fin heat exchangers. International Journal of
Heat and Mass Transfer, 49(21):4058–4069, 2006.
[26] R. Shah. A correlation for laminar hydrodynamic entry length solu-
tions for circular and noncircular ducts. Journal of Fluids Engineering,
100(2):177–179, 1978.
[27] L.-T. Tian, Y.-L. He, Y.-G. Lei, and W.-Q. Tao. Numerical study of fluid
flow and heat transfer in a flat-plate channel with longitudinal vortex
generators by applying field synergy principle analysis. International
Communications in Heat and Mass Transfer, 36(2):111–120, 2009.
[28] K. Torii, K. Kwak, and K. Nishino. Heat transfer enhancement ac-
companying pressure-loss reduction with winglet-type vortex generators
for fin-tube heat exchangers. International Journal of Heat and Mass
Transfer, 45(18):3795–3801, 2002.
61
[29] C. Wang, Y. Chang, C. Wei, and B. Yang. A comparative study of the
airside performance of winglet vortex generator and wavy fin-and-tube
heat exchangers. ASHRAE Transactions, 110(1), 2004.
[30] L.-B. Wang, F. Ke, S.-D. Gao, and Y. Mei. Local and average charac-
teristics of heat/mass transfer over flat tube bank fin with four vortex
generators per tube. Journal of heat transfer, 124(3):546–552, 2002.
[31] K. Wilber and J. Maulbetsch. Air-cooled condenser design, specification,
and operation guidelines. EPRI, Palo Alto, CA2005, 2005.
[32] J. Wu and W. Tao. Numerical study on laminar convection heat transfer
in a channel with longitudinal vortex generator. part b: Parametric
study of major influence factors. International Journal of Heat and
Mass Transfer, 51(13):3683–3692, 2008.
[33] J. Wu and W. Tao. Numerical study on laminar convection heat trans-
fer in a rectangular channel with longitudinal vortex generator. part a:
Verification of field synergy principle. International Journal of Heat and
Mass Transfer, 51(5):1179–1191, 2008.
[34] J. Wu, H. Zhang, C. Yan, and Y. Wang. Experimental study on the per-
formance of a novel fin-tube air heat exchanger with punched longitu-
dinal vortex generator. Energy Conversion and Management, 57:42–48,
2012.
[35] Z.-X. Yuan, W.-Q. Tao, and X. Yan. Experimental study on heat
transfer in ducts with winglet disturbances. Heat transfer engineering,
24(2):76–84, 2003.
62
